Following the solid-state fermentation of Bermuda grass by two lignin-degrading white rot fungi, compositional changes have been observed in situ by utilization of cross-polarization and magic angle spinning 13C nuclear magnetic resonance difference spectra and interrupted decoupling spectra. Intensity differences in the 13C resonances assigned to specific components of the cell wall were used to observe these changes. Bermuda grass treated with Phanerochaete chrysosporium K-3 exhibited losses primarily in the polysaccharide components, with a smaller proportion of phenolic components also being degraded. In contrast, Ceriporiopsis subvermispora FP 90031-sp removed a proportionate amount of phenolic components compared with polysaccharide components. The results also indicated that C. subvermispora preferentially removes guaiacyl phenolic components relative to syringyl phenolic components, while P. chrysosporium was nonspecific in its attack on phenolic components.
Because of its high carbohydrate content, plant biomass is a potentially valuable source of nutrition for ruminant animals. Its value is limited, however, by the fact that digestion by rumen microbes is low because of the presence of lignin, which acts as a barrier to enzymatic saccharification of cell wall polysaccharides. Phenolic esters may also decrease digestibility by acting as cross-linking agents between polysaccharide chains (10) . Physical methods such as grinding (9) and chemical methods such as alkali treatment (6) have been investigated as potential delignification agents to increase digestibility. Fermentation with lignin-degrading white rot fungi has also received considerable attention as a method of increasing fodder digestibility by partially removing the lignin barrier, but results from such studies have been mixed (1, 2, 15, 30, 31) .
White rot fungi may degrade lignin and polysaccharides simultaneously, but selective degradation of lignin can also occur (8) . The degree of degradation of these components varies from one species of fungus to another. It is therefore desirable to analyze the extent of degradation of each cell wall component by each fungus. This has been attempted by using chemical analysis procedures (1, 16) and spectroscopic methods, principally solution and solid-state nuclear magnetic resonance (NMR) (3, 24) . However, the analyses so far performed have relied on studies of the biodegradation products which can be isolated from the sample as extracts and residual products. The processes for recovery by chemical and/or physical treatments can in themselves alter the material being studied.
A considerable amount of information has been collected on the fungal degradation of lignin. Most of this work, however, has been performed on wood substrates with Phanaerochaete chrysosporium (8) . There are many other white rot fungi whose abilities to degrade lignin vary considerably (8, 23) . Ceriporiopsis subvermispora is one white rot fungus which has been shown to improve bioavailability of grass lignocellulose by attacking aromatics (2, 16) . Additionally, work has been done on their lignin-degrading enzymes and capabilities (22, 25, 26) .
In a previous study (2) , the extent of delignification of Bermuda grass stems by a series of white rot fungi and the change in biodegradability caused by this fungal treatment were reported. It was found that P. chrysosporium K-3 and C. subvermispora FP 90031-sp were superior to the other fungi in their capacity for increasing digestibility of this forage. Of the two strains, C. subvermispora appeared to be more efficient in the removal of phenolic components than was P. chrysosporium. In this report, an attempt has been made to correlate the digestibility increases with structural changes in lignin and polysaccharides caused by the fungi.
We have sought to develop a method of analysis for the effects of fungal degradation on forage materials which exhibits the following attributes: (i) is nondestructive of the materials being investigated, (ii) resolves as many separate components as possible, (iii) is quantitative for these components, and (iv) is straightforward to implement and interpret. We have used solid-state 13C NMR spectroscopy as a probe of fungal delignification in situ as it exhibits, to some degree, all of the foregoing attributes. This method requires spectra with very high signal/noise ratios, since relatively small changes in structural composition are to be observed.
MATERIALS AND METHODS
Plant substrate. The plant substrate and fungal treatments were as described previously (2) . Briefly, coastal Bermuda grass (Cynodon dactylon L. Pers) was harvested at 6 weeks of regrowth. Only the lower stem internodes were selected for this study, as they exhibit high lignin content and low biodegradability. The samples, consisting of 10-mm-long stem sections, were sterilized with ethylene oxide in a commercial cannister (model VIII; Ben Venue Laboratories, Inc., Bedford, Ohio) and placed aseptically on agar plates (2%, wt/vol) in a culture hood.
Fungal treatment. The white rot fungi used to treat the Bermuda grass were P. chrysosporium K-3 (Eriksson, 1988) Gas production. The rates of fungal biodegradation of the untreated and fungus-treated ground Bermuda grass residues were estimated by the gas production method (7, 18) . Gas production from in vitro incubation with rumen microorganisms in duplicate 100-ml syringes was determined at 4, 6, 8, 12, 24, 32, 48, 72 , and 96 h.
Cellulase and xylanase treatment. To assess the possibility of distinguishing between cellulose and hemicelluloses in the grass by use of NMR, it was necessary to obtain representative spectra of these components. The isolation of intact cellulose and hemicellulose by chemical methods yields materials that may be structurally altered. We have therefore selectively removed portions of these components enzymatically and subsequently obtained NMR difference spectra reflective of the solubilized components. The Bermuda grass was first treated with 1 M NaOH in order to cleave ester linkages and reduce hydrogen bonding. Two NaOH-treated portions were then incubated separately with cellulase or xylanase (xylan being the principal constituent of the hemicelluloses) to yield materials exhibiting decreased amounts of cellulose (both crystalline and amorphous) or xylan, respectively. For selective removal of xylan, cell-free xylanase, having an activity of 480 U/ml on birchwood xylan, was produced from Aureobasidium pullulans as described previously (29) . No endoglucanase activity was observed with carboxymethyl cellulose as the substrate. For removal of cellulose, cell-free cellulase from Tnchodertna viride, having an exogluconase activity of 25 U/ml, was obtained commercially (Sigma C9422). Treatment of the Bermuda grass (380 mg in 9.5 ml of water brought to pH 5 with citrate buffer) with each enzyme (0.5 ml) was carried out at 50°C for 18 h. The process was repeated three times, and no additional weight loss was observed upon the third repetition. A control sample was treated like the others but without added enzyme.
NMR spectroscopy. '3C CPMAS (cross-polarization and magic angle spinning) (11, 27 ) NMR spectra were obtained on a Bruker MSL 300 spectrometer utilizing a 7.05T superconducting magnet and tuned to 75.47 MHz for 13C observation. A 7-mm-diameter sample rotor, spun at 6.7 kHz in order to minimize interference from spinning sidebands, was used to obtain the spectra with a CPMAS probe. The spectral width in each spectrum was 24 kHz, with a 21-ms acquisition time. All experiments were performed with a 2-ms cross-polarization contact time, a recycle delay of 5 s, and a B1 field of 55.5 kHz. Spectra obtained by dipolar dephasing (21) , which results in suppression or elimination of nonquaternary '3C resonances, were collected by using a 44-,s decoupling delay. All CPMAS spectra were obtained under identical conditions and were identically phased and baseline corrected. All dipolar dephased spectra were also collected and processed under identical conditions. Spectra were referenced to hexamethylbenzene, and no window functions were used for processing.
Elemental analysis. Carbon and hydrogen elemental analyses were performed at Atlantic Microlabs, Inc., Norcross, Ga.
RESULTS
The rate of fermentation, as estimated by gas production from rumen microorganisms grown on untreated or funguspretreated residues, indicated that C. subvermispora pretreatment substantially improved biodegradation over that of untreated or P. chrysosponium-treated material (Fig. 1) . P. chrysosporium pretreatment actually led to less gas production than was attained with untreated material. production, as indicated by the slope of the production curve from 6 to 12 h, were 2.67, 2.05, and 0.51 ml/h for C. subvermispora-treated, untreated, and P. chrysosporium-treated materials, respectively. The final volume of gas produced was 21 % greater for C. subvernnispora-treated than for untreated material, further indicating increased biodegradation after C. subvermispora treatment. Figure 2 shows the 13C CPMAS spectrum of the untreated sample, and peak assignments are presented in Table 1 . The resonance at 8 172.4 is indicative of the presence of acid and ester groups, which are characteristic of phenolic acids, lipids, and proteins. Ester groups may also occur in galacturonans, which are cell wall-cementing agents in grasses (14) . The peak at 8 Prior to spectroscopic analysis of the P. chrysosporium-and C. subvermispora-degraded samples, a determination of the fungal mass present in these samples was attempted. To accomplish this, a "3C CPMAS spectrum of isolated P. chrysosporium fungal biomass was obtained (Fig. 4) Fig. 2 . The total integrated intensity of the control spectrum was normalized to 100, and the spectra of the two treated samples were normalized to 80, reflecting the 20% dry weight loss resulting from the fungal digestion. Integration of specific regions of the spectra allowed comparison of the relative losses in different components (i.e., lignin, carbohydrate, etc.). Figure 5a shows the difference spectrum between the control sample and the P. chrysosporium-degraded sample. The difference spectrum is representative of the material that is degraded by the fungus and appears to consist primarily of cellulose and hemicellulose resonances. A small amount of phenolics were also degraded, as indicated by the signals between 8 165.0 and 110.0. The absence of the 8 22.0 signal from the difference spectrum indicates that little of the galacturonan is digested by the fungus. Carbon and hydrogen elemental analyses of the untreated (C = 43.9%, H = 6.3%) and P. chrysosporium-treated (C = 45.4%, H = 6.2%) samples suggested that the P. chrysosporium-treated sample has a higher lignin content than the control (because lignin has a higher C/H ratio than do carbohydrates), indicating that carbohydrate was preferentially digested by P. chrysosporium. Figure Sb shows the difference spectrum between the control sample and the C. subvermispora-treated sample. In this case, a smaller proportion of the cellulose and hemicelluloses has been degraded, and a much larger amount of lignin was degraded. Carbon and hydrogen elemental analysis of the untreated and C. subvermispora-treated samples (C = 43.9%, H = 6.3%) suggests a comparable lignin/carbohydrate ratio, indicating that lignin was degraded to the same extent as carbohydrate. The relative intensity of the 8 152.6 and 148.3 peaks further indicates that guaiacyl phenolics are preferentially degraded over syringyl phenolics by C. subvermispora. Table 2 shows the integrated areas of the peaks chosen to be representative of the different components present in each of the samples. The region of the spectra between 8 176 and 164 is composed of acid and ester resonances belonging to lipids, proteins, galacturonans, and phenolics. The aromatic resonances arising from phenolic acids and lignin occur between 8 155 and 109. The region from 8 109 to 67 contains primarily carbohydrate resonances with a relatively small contribution from phenolic side chain structures. The C-4 resonance of crystalline cellulose comes in the region between 8 91 and 86.5, while the C-4 resonance of amorphous cellulose and xylan occurs between 8 86.5 and 79.5. C-2, C-3, and C-5 of both cellulose forms and xylan exhibit resonances between 8 79.5 and 67. The region between 8 37.0 and 27.0 contains aliphatic signals from lipids and proteins, while the region between 8 27 and 14 is due to the methyl ester group of galacturonans. The data of Table 2 indicate that C. subvermispora degraded proportionately more total phenolic components than did P. chrysosporium, while P. chrysosporium degraded more total carbohydrates than total phenolic components. Figure 6 is a comparison of the dipolar dephased spectra of the untreated, P. chrysosporium-treated, and C. subvermisporatreated samples obtained under identical conditions. Though these spectra cannot be area normalized as were the CPMAS spectra, corroborating information is obtained by comparison of the relative intensities of the 8 152.6 and 148.3 resonances in each spectrum. Figure 6b is the spectrum of the P. chrysosporium-treated sample; comparison with the control sample (Fig.  6a) shows a decrease in the 8 152.6, 148.3, and 129.6 peaks relative to the 8 172.4 peak. The spectrum of the C. subvernispora-treated sample (Fig. 6c) exhibits an even greater decrease in these peaks relative to the 8 172.4 peak. Additionally, the 8 148.3 resonance has decreased relative to the 8 152.6 resonance, further substantiating a preference for the guaiacyl phenolic components over the syringyl phenolics by C. subvermispora. 
